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Abstract: Tumble dryers are convenient but energy-intensive, and their performance depends 

on coupled heat and mass transfer within the drum and air circuit. This review evaluates 

mathematical modeling approaches for these processes, spanning 0-D lumped-parameter 

models, 1-D heat and moisture transfer models, and kinematic and image-processing methods, 

across vented, condenser, and heat-pump dryer types. Literature was drawn from peer-

reviewed sources published roughly since the 1990s. The Chilton–Colburn analogy remains 

the dominant framework for evaporation-rate modeling, but its reliance on constant transfer 

coefficients, uniform textile temperature, and saturated surface assumptions limits its accuracy 

during the falling-rate drying period, when evaporation slows and a larger fraction of supplied 

energy may be diverted to heating the textiles and drum rather than moisture removal. This 

review’s contribution lies in systematically comparing classical models (Lambert, Deans) 

against newer 1-D, regression-based, kinematic, and image-processing strategies, clarifying 

the assumptions, applicability boundaries, and engineering trade-offs of each. The findings 

point toward hybrid, uncertainty-aware models that couple energy-balance formulations with 

variable transfer coefficients, textile-motion data, and data-driven tools as the most promising 

path forward for energy-efficient dryer design and control. 
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1. Introduction 

Growing concerns about the efficient use of energy resources, together with the 

need to meet climate change targets, have led to a focus on energy-intensive 

technologies, such as drying [1–6]. Drying (also termed dehydration or dewatering) 

involves lowering the moisture content of a material to a specified level without 

impairing the product’s quality or structural integrity [7,8]. Although drying was 

traditionally carried out under sunny and windy conditions, today limited space, tighter 

production schedules, and the demand for faster and more controllable processing 

have driven the shift toward artificial drying methods [9]. For this reason, drying is 

now integral to many domestic and industrial activities, including food processing, 

textiles, paper, wood, ceramics, minerals, pharmaceuticals, HVAC and ventilation 

systems [10–21]. From an energy standpoint, drying is among the most demanding 

unit operations in process industries, accounting for up to about 25% of total industrial 

energy use in this sector [22,23]. Yet, widely used conventional dryers often have short 

service lives and require substantial energy and operating costs. These limitations are 

increasingly difficult to justify under current conditions, where industry is expected to 
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respond to the global energy situation, reduce lifecycle costs, and adopt more 

environmentally responsible technologies [24]. 

Industrial drying was initially introduced in the field of chemical engineering a 

few decades ago [25]. This technology has since found diverse applications, with one 

of the main uses being the drying of porous fabrics, including clothes. The use of 

domestic tumble clothes dryers has been growing continuously for decades [26]. 

Drying is one of the most energy-consuming processes [27]. According to a 

Department of Energy chart (Figure 1), the clothes dryer consumes the second largest 

amount of electricity among household appliances, after the water heater [28]. This is 

quite a bit of electricity use for an appliance that is only run once or twice a week, as 

compared to an appliance that is running constantly. Clothes dryers have become 

standard household appliances in many parts of the world because they provide 

reliable and fast drying systems [29,30]. Currently, more than 40% of households in 

Germany and over 80% in the United States own a clothes dryer, and the global market 

continues to expand steadily [31]. Despite their convenience, the main drawback of 

these systems is their substantial electricity consumption [32]. It is estimated that 

clothes dryers account for more than 3% of residential energy use in the United States, 

while their contribution is approximately 8% in the world [33,34]. The use of tumble 

dryers has been increasing at an annual growth rate of about 10.9%, driven by changes 

in living environments and consumption patterns, reduced living space, rising 

environmental concerns, increased awareness of hygiene, since sun-drying eliminates 

only a limited portion of bacteria, and continuous improvements in fabric-care 

technologies [35]. Nevertheless, fabric drying remains both energy-intensive and time-

consuming, often requiring up to three hours depending on operating conditions and 

dryer type. At the same time, the ongoing energy crisis and growing environmental 

awareness have intensified public and industrial interest in energy-efficient solutions. 

Consequently, manufacturers are increasingly focused on enhancing the energy 

performance of drying systems to maintain market competitiveness, sustain sales 

growth, and support long-term sustainability objectives [3,36,37]. 

 

Figure 1. Energy consumption of standard home appliances [28]. 
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Clothes dryers operate by passing heated air through a rotating drum that contains 

the textiles, allowing the air to absorb moisture and carry it away. Depending on the 

operating cycle and energy supply, tumble dryers are commonly grouped into two 

main types [38]. In vented dryers, the process follows an open cycle: heated air flows 

through the drum, removes moisture from the fabrics, and is then discharged into the 

surrounding environment [39]. By contrast, condenser dryers operate in a closed air 

loop, where the moist air leaving the drum is cooled in a condenser so that the water 

vapor condenses and is removed before the air is reheated and circulated again [40]. 

The configurations of these systems are illustrated in Figures 2 and 3. 

 

Figure 2. Schematic of drying cycle of the vented dryers. 

 

Figure 3. Schematic of a drying cycle of the condenser dryers. 

In vented dryers, the hot air is typically produced either by a gas burner or by an 

electric heating element, whereas condenser dryers generally rely on electrical heating. 

More recent designs, known as heat pump dryers, incorporate a heat pump cycle that 

allows part of the thermal energy to be recovered and reused within the system, thereby 

improving overall efficiency [41]. Because of the interaction between the refrigeration 
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loop and the drying air loop, these dryers are considered relatively complex systems. 

In practice, they consist of two coupled closed circuits: a refrigerant cycle, often using 

R134a as the working fluid [42–46], and a drying air circuit that contains the air–

moisture mixture. Heat transfer between the two circuits takes place in the condenser 

and evaporator, as shown in Figure 4 [47]. 

The vented and heat-pump dryers are generally sold as separate appliances, so 

they must be installed alongside the washing machine and therefore take up extra space 

[48,49]. Condenser dryers, in contrast, are often used in combined units where 

washing and drying are performed in the same machine (washer–dryers), which makes 

them more practical for homes. In these appliances, the humid air leaving the drum is 

cooled—typically by ambient air or by water, so that the moisture condenses and can 

be removed. Because this configuration avoids the need for an additional standalone 

dryer and can reduce both energy use and drying time, condenser-based systems have 

become widely adopted and represent a substantial share of the U.S. market [50]. 

 

Figure 4. Schematic of a drying cycle of the heat pump dryers. 

The study of physical phenomena in tumble dryers has gained considerable 

attention in recent years. A multitude of studies have contributed to the understanding 

of these complex systems [51–53]. Sousa et al. focused on the distribution of the 

moisture in the textile sheets and discovered that the moisture variation in the samples 

occurred uniformly in position and time [54]. Researchers have also addressed the 

challenges posed by energy consumption and drying efficiency [55–58]. For instance, 

Cay et al. conducted a study in which they explored dryer performance parameters 

through exergy analysis and mathematical models [59,60]. That resulted in a 

correlation between the dryer efficiency and exergy. Various computer models have 

been proposed through the years for evaluating the performance indices of clothes 

dryers [61,62]. The contributions have laid the foundation for our exploration of 

applicable methodologies in this paper, as we seek to build upon and extend the 

existing knowledge in the field. 
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To encapsulate, the energy-intensive nature of drying processes, particularly in 

the case of tumble dryers, poses significant challenges in the context of today’s global 

energy crisis and the urgent need for a sustainable, environmentally friendly 

technology. Indeed, as the second-largest consumer of electricity among household 

appliances, tumble dryers are both ubiquitous and resource-intensive. The increasing 

adoption of these home appliances worldwide, driven by changes in consumption 

patterns and living conditions, necessitates the employment of innovative solutions to 

improve energy efficiency while maintaining effective drying performance. 

The aim of this review goes beyond cataloging existing tumble-dryer models. 

Rather, it seeks to classify them according to the physical assumptions they rely on, 

the inputs they require, their suitability for different dryer configurations, and their 

practical usefulness for engineering design. Unlike previous reviews, which have 

tended to focus on overall dryer performance or energy-saving technologies, the 

present work centers specifically on evaporation-rate modeling and the role of heat 

and mass transfer assumptions in shaping model behavior and reliability. In doing so, 

it examines where the constant evaporation-rate and constant area–mass transfer 

coefficient assumptions hold and where they break down, compares lumped, one-

dimensional, regression-based, physics-based, and kinematic modeling strategies side 

by side, and identifies the main sources of uncertainty that limit how freely models 

can be transferred between vented, condenser, and heat-pump dryer types. 

2. Review methodology and scope 

The literature for this review was gathered from peer-reviewed journal papers, 

conference articles, technical reports, and relevant standards published since the 1990s. 

The primary databases searched were Scopus, Web of Science, ScienceDirect, IEEE 

Xplore, and Google Scholar, using keywords including: tumble dryer modeling; 

clothes dryer evaporation rate; heat and mass transfer in textile drying; area–mass 

transfer coefficient; Chilton–Colburn analogy; dryer SMER; heat-pump clothes dryer; 

and fabric motion in tumble dryers. 

Studies were included when they presented mathematical, numerical, 

experimental, or semi-empirical approaches to predicting dryer performance, 

evaporation rate, textile moisture content, air temperature, humidity ratio, SMER, or 

drying time. Work dealing exclusively with general industrial drying was drawn upon 

only where it provided directly relevant heat and mass transfer concepts. Throughout, 

the review focuses on domestic vented, condenser, and heat-pump tumble dryers, with 

particular attention to modeling assumptions, applicability conditions, sources of 

uncertainty, and practical engineering usefulness. 

3. Physical phenomena 

This section examines the drying loop of a condenser tumble dryer (Figure 5). 

The loop is made up of four main components: the fan, heater, drum, and condenser. 

The fan’s role is to drive the air-vapor mixture around the circuit; it is usually assumed 

not to change the mixture’s thermodynamic state. The main thermodynamic changes 

occur in the remaining components. In most dryer designs, the heater is in the air duct 

close to the fan (typically downstream of the impeller), and it is therefore convenient 
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to treat the fan and heater as a single stage. With this simplification, the cycle can be 

described using three state points (labeled a, b, and c in Figure 5), each representing 

the air condition after a major component. The key variables used to describe the air 

state are the dry-bulb temperature, the humidity ratio (absolute humidity), and the 

relative humidity. Under idealized operation, their evolution through the cycle can be 

summarized as follows. 

 Fan/Heater (a −> b): While the heat increases the air temperature, the humidity 

ratio remains constant as no phase change occurs in this section. On the 

psychrometric chart (Figure 6), this corresponds to an approximately horizontal 

shift from point a to point b. 

 Drum (b −> c): The hot air evaporates the moisture into the airflow as it passes 

through the wet textiles. Evaporation removes heat from the air–fabric system, 

so the air temperature drops. At the same time, both the humidity ratio and the 

relative humidity rise, approaching saturation. In the ideal case, the air leaving 

the drum is expected to be fully saturated (relative humidity ≈ 100%) [63,64]. In 

real machines, however, saturation is not always reached, particularly during the 

middle and final stages of drying, so the outlet state follows a non-saturated path, 

as indicated by the solid curve in Figure 6 rather than the idealized dotted 

trajectory [65]. 

 Condenser (c −> a): In the condenser, the humid air is cooled, and part of its 

water vapour condenses out. This section is commonly represented as cooling 

with condensation occurring while the air remains close to saturation, 

corresponding to the path from c back to a in Figure 6. 

The overall changes of the thermodynamic variables across the modules are 

summarized in Table 1. 

 

Figure 5. Different sections in the drying cycle of the condenser dryer. 
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Table 1. Thermodynamic changes of the mixture in the cycle. 

Module Fan/heater Drum Condenser 

Path a −> b b −> c c −> a 

Dry Bulb Temp. 𝑇𝑑𝑟𝑦 ↑ 𝑇𝑑𝑟𝑦 ↓ 𝑇𝑑𝑟𝑦 ↓ 

Relative Humidity RH↓ RH↑ RH≃ 

Absolute Humidity AH≃ AH↑ AH↓ 

 

Figure 6. Ideal drying cycle in the psychometric chart. 

Beyond these bulk thermodynamic trends, several coupled physical processes 

take place inside the dryer, involving both the air–vapor mixture and the textiles. 

While the drum rotates and the load tumbles, hot, relatively dry air enters the drum, 

mixes with the wet fabrics, and flows through the porous textile structure. Heat and 

mass transfer occur simultaneously: heat is exchanged by conduction within and 

between fabric layers and by convection between the fabric surfaces and the flowing 

air, while radiative exchange occurs among internal components throughout the dryer. 

Mass transfer is responsible for moisture evaporation from the textiles within the drum 

and for subsequent condensation of moisture from the airflow in the condenser. The 

system’s behavior is further complicated by transient operation, such as heater cycling 

used to regulate the drying temperature, and by the continually changing, largely 

random configuration of the fabric load as it tumbles. The main phenomena and their 

associated locations within the dryer are summarized in Table 2. 

Finally, the motion of items inside the rotating drum can exhibit distinct two-

phase flow regimes. Jones et al. identified six regimes that depend on the Froude 

number, 𝐹𝑟 = 𝜔2𝑅/𝑔, in the drum, where 𝜔, 𝑅 and 𝑔 are the drum’s angular speed, 

drum radius and gravitational acceleration, respectively [66]. The range of fabric 

motions associated with these regimes is illustrated in Figure 7. 

Froude number is the ratio of inertial (here the centripetal) to gravitational forces. 

Flows with higher Froude numbers, i.e., a large diameter or a fast angular speed, tend 



Thermal Science and Engineering 2026, 9(2), 026100001. 
 

8 

to form a cascading or cataracting motion (𝐹𝑟 ≃ 0.1 ∼ 0.5). At 𝐹𝑟 > 1, the flow 

exhibits a complete centrifuging motion as centripetal forces become dominant. In 

these final regimes, the assumption of static flow in the bed is no longer valid, in which 

the media is flung a greater distance across the drum [67,68]. 

Clearly, the most evaporation occurs during the free-fall period, when there is 

extensive contact between the liquid and gas phases. This maximizes the heat transfer 

rate between the hot air and the wet media [69]. As a result, to ensure a maximum 

mass transfer rate, the Froude number must be chosen to guarantee the cataracting 

regime. Switching to the centrifuging or cascading regimes reduces the rate of 

evaporation accordingly. However, the cataracting and cascading regimes cause more 

damage to the fabrics than centrifuging over the drying cycle [69]. 

 

Figure 7. Flow regimes in rotating drums as a function of Froude number [69]. 

Table 2. Physical phenomena. 

Phenomenon  Module  

Multi-component flow (air and vapor)  Fan/Heater, Drum, Condenser  

Multi-body dynamics (MBD) (clothes rotation)  Drum  

Heat transfer (convection and radiation)  Fan/Heater, Drum, Condenser  

Heat Transfer (conduction between clothes)  Drum  

Variable thermophysical properties  Fan/Heater, Drum  

Multiphase flow (gas and water)  Drum, Condenser  

Mass Transfer (evaporation and condensation)  Drum, Condenser  

In summary, the physical phenomena within the condenser dryer include 

simultaneous heat and mass transfer mechanisms, all occurring within the dynamic 

environment of the drum. As hot, dry air enters the drum and mixes with the wet 

clothes, a series of processes occur. Conductive and convective heat transfers between 

the clothes and air, along with radiation between various components within the dryer, 

contribute to the heat transfer dynamics. On the other hand, the mass transfer process 

drives the evaporation of moisture from the clothes into the air, followed by air 

condensation in the condenser. These processes are further complicated by the 

intermittent operation of the heater to maintain a constant drying temperature and the 

unpredictable movement of clothes within the drum. 

It should be noted that although both mass and heat transfer occur in the system, 

there is a direct connection between these processes. Specifically, when dealing with 
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the phenomenon of evaporation, a fundamental relationship arises through the 

following relation: 

𝑄 = 𝑚̇𝑒𝑣𝑎𝑝/ℎ𝑓𝑔 (1) 

where 𝑄 represents the heat transfer rate, 𝑚̇𝑒𝑣𝑎𝑝 is the evaporated mass and ℎ𝑓𝑔 is the 

latent heat of vaporization. As a result, the main focus can be directed to the calculation 

and analysis of mass transfer phenomena. Understanding this complex phenomenon 

is vital for optimizing the performance of the condenser dryers. 

In the subsequent sections, the focus is on the methodologies for estimating 

system variables, including temperature, humidity, and airflow, as well as the crucial 

parameter of evaporation rate. The goal is to provide valuable insights into the mass 

transfer phenomenon within tumble dryers and contribute to the development of 

energy-efficient and sustainable drying technologies by comprehensively examining 

these aspects. 

4. Modeling methodologies 

There has been limited literature on laundry drying technologies, especially 

tumble dryers, before the 1990s, with early studies primarily focused on drying textiles 

during the manufacturing process [70]. The initial exploration of the tumble dryer’s 

drum module began with observational studies and experimental measurements 

[71,72]. One of the earliest notable studies was conducted by Hekmat et al. [73], which 

introduced practical methods, including reducing airflow rates and recirculating 

exhaust air, aimed at improving drying efficiency. These methods showed potential 

for achieving up to a 33% reduction in energy consumption, albeit at the cost of a 

longer drying time [74]. Another pivotal study by Spruit et al. [75] involved measuring 

temperature and humidity changes within the drum to assess drying performance. 

Remarkably, they discovered that increasing the textile load by 20% above the 

nominal load resulted in a significant 66% improvement in drying efficiency in terms 

of energy consumption. 

Early attempts to optimize condensation-type clothes dryers were made by 

Kadoya et al. [76], focusing on the fan module. Their work led to a simplified system 

and reduced equipment weight and cost. This optimization approach was further 

refined by Kim et al. [77] using the Taguchi design of experiment (DOE) method to 

enhance fan performance and reduce the noise [78]. 

The main shortcoming of early-stage research was the absence of a strong 

theoretical foundation. These studies followed a similar routine, involving the 

measurement of key parameters, such as temperature and humidity indices, throughout 

the drying process while assessing their sensitivity to inlet conditions. Although they 

successfully optimized and predicted drying workflows, the absence of a 

comprehensive mathematical model limited the generalizability of their findings to 

other dryers. 

On the other hand, the individual components of a tumble dryer, such as the 

fan/heater unit, rotating drum, and condenser, are widely used in many industrial 

applications, and consequently a substantial body of literature exists that investigates 

each of these elements separately [28,79–86]. While these studies offer valuable 
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insights into individual components, the intricate nature of tumble dryer operation 

necessitates an integrated approach. The drying cycle, occurring within the drum, 

represents a crucial aspect of the condenser dryer. Ideally, examining the drum alone 

could provide essential parameters for evaluating the drying efficiency. However, the 

interconnected nature of the components within the tumble dryers prohibits such a 

modular, stand-alone approach. This complexity arises because the operating 

conditions of each module can significantly impact the performance of others. 

For example, the gas flow rate in the fan channel is governed by the overall 

pressure drop across the remaining components of the system. A similar explanation 

exists for mass-transfer processes in the drum and condenser. As a result, evaluating 

the performance of any individual component requires consideration of the behavior 

of the entire dryer system. For this reason, many studies have employed a control-

volume framework that includes all components and applies overall mass and energy 

balance equations to the system, such as the configuration illustrated in Figure 8, 

originally proposed by Deans for an open-loop vented dryer. 

 

Figure 8. Box of the control volume around a semi-open-loop vented dryer [2]. 

This integrated approach has been the driving force behind the theoretical 

methodologies in the literature, allowing researchers to address mass and energy 

conservation for the system. 

4.1. Lambert model 

Understanding the precise relationship between machine parameters and the 

theoretical aspects of the drying cycle is crucial for advancing clothes-drying 

technologies [87]. The first significant step towards incorporating mathematical 

aspects into the study of drying machines has been made by Lambert et al. [1]. Their 

pioneering work aimed to develop a heat and mass transfer model for the drying 

process in textile tumble dryers by means of the Chilton-Colburn analogy (also known 

as the modified Reynolds analogy [88]), which relates heat and mass transfer 

phenomena [89]. This approach, widely employed in drying research across various 

domains, including porous media, semiconductors, food, and distillation, allowed 

them to estimate the mass evaporation rate in the drum using the following relationship 

[90–99]: 
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𝑚̇evap = 𝑘𝐴(𝑃t − 𝑃x) = 𝑘𝐴(𝜔𝑖𝑛 − 𝜔𝑜𝑢𝑡)  ,
 (2) 

where 𝑘 denotes the evaporation coefficients and 𝐴 represents the surface area of the 

clothes. In most practical analyses, these two parameters are not treated separately; 

instead, their product kA is used as a single quantity, commonly referred to as the 

area–mass transfer coefficient. This parameter describes the mass transfer inside the 

drum and its importance will be explained in the following sections. 

𝜔𝑖𝑛  and 𝜔𝑜𝑢𝑡  are the absolute humidities at the inlet and outlet of the drum, 

respectively. 𝑃t and 𝑃x are the partial vapour pressure at the textile’s surface and the 

drying air (bulk air), respectively. 𝑃t is estimated as follows: 

𝑃t(𝑥t, 𝑇t) = 𝑃sat(𝑇t)𝑎(𝑥t)  ,
 (3) 

where 𝑃sat depends on temperature while the water activity, 𝑎, is determined by the 

moisture content of the medium to be dried. Although water activity is influenced in a 

complex manner by temperature and by the direction of the process (for example, 

drying versus wetting), the use of approximate empirical curves is generally sufficient 

for macroscopic analyses. The water activity and moisture relationship is commonly 

referred to as the sorption isotherm. A sorption-isotherm curve describes the 

relationship between the moisture content of a textile and the corresponding 

equilibrium relative humidity (i.e., water activity) at a fixed temperature. Namely, 

That is, at a fixed temperature, each value of relative humidity corresponds to a 

specific equilibrium moisture content of the material [100].Typically, an increase in 

water activity is associated with an increase in moisture content, although the 

relationship is strongly nonlinear [101]. These curves are determined experimentally, 

as they cannot be derived explicitly from analytical calculations. An example of a 

typical sorption-isotherm curve is presented in Figure 9. It should be noted that the 

paths followed during evaporation and condensation are generally different, meaning 

that the material does not necessarily follow the same curve in both processes. The 

exact shape of the sorption-isotherm depends on the properties of the textile material, 

and hysteresis, where the adsorption and desorption curves do not coincide, is a 

commonly observed feature in such systems [102]. 

In modeling fabric drying, it is usually sufficient to focus on desorption, namely 

the evaporation of moisture from the textile. One of the earliest systematic efforts to 

describe desorption rate for different fabrics was reported in [103] and it is still often 

cited as a starting point in this area. Using experimental data, Lambert proposed an 

empirical expression for estimating the activity coefficient [1]: 

𝑎 = 1 −
𝛽𝑀c + 𝛿

1 + 𝛿𝛾𝑀c
 (4) 

In this relation, 𝑀c is the moisture content of the fabric, while 𝛽, 𝛿 and 𝛾 are 

material-dependent parameters. The fitted coefficients reported for different textiles 

are shown in Figure 10, comparing, for example, a highly porous material such as 

wool with lower-porosity fabrics such as nylon and cotton. A key implication of these 

results is that cotton tends to remain close to surface saturation during most of the 

drying cycle. Differences between fabrics become most relevant later in the process, 
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once the overall moisture level has dropped and the desorption behaviour begins to 

influence evaporation more strongly. 

 

Figure 9. A typical moisture sorption isotherm curve. 

 

Figure 10. Equation 4 coefficients for different fabrics. 

Subsequent studies introduced more detailed expressions for water activity 

during fabric drying. As an example, the model proposed by Yi incorporates both 

moisture content and textile temperature [61]: 

(𝑥, 𝑇𝑐𝑙) = 1 − 𝑒(−𝛼.𝑥(𝑡).ℎ𝑓𝑔/𝑘𝐵.𝑇𝑐𝑙)    (5) 

where 𝑥 denotes the vapor quality, ℎ𝑓𝑔 is the latent heat of vaporization and 𝑘𝐵 is the 

Boltzmann Constant. 

Using Equation 2, Lambert also examined how the evaporation rate evolves over 

a full dryer run and suggested dividing the process into three broad stages. The cycle 

begins with a warm-up (transient) period. During this time, evaporation may already 

occur locally, but much of the heater input is spent bringing the load up to temperature. 

As a result, the overall moisture content changes little at first, while the evaporation 

rate rises from a low initial value (Figure 11). 

In the next stage, once the load has warmed, the process typically enters a 

constant-rate period. Here the moisture content decreases steadily and most of the 

supplied energy is used directly for evaporation, as depicted in Figure 11. This regime 

is expected when the textile still contains enough moisture for the water activity to 
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remain close to one over a sustained interval, which is common in tumble drying. 

Under these conditions, operating variables change only slowly. 

As drying continues and the moisture content 𝑥𝑡 becomes low, the water activity 

begins to fall below unity because the assumption of a freely evaporating water surface 

is no longer appropriate. The evaporation rate then drops and the energy that is no 

longer consumed by phase change increasingly goes into heating the fabrics and the 

drum. Part of the reduction in evaporation is offset by the rise in saturation pressure 

(𝑃𝑠𝑎𝑡) with temperature (Equation 3), but the system ultimately transitions into the 

falling-rate period. This stage is typically associated with higher exhaust-air 

temperatures and a decreasing rate of evaporation rate (𝑚̇𝑒𝑣) [1]. 

 

Figure 11. Schematic of the drying process: transient (I), constant rate (II) and 

falling rate (III) period. (A) Moisture contents in black line, 𝑥𝑡, versus time, t; (B) 

rate of evaporation in red line. 

In Equation (2), the key remaining unknown is the area–mass transfer coefficient 

(kA). Because it represents a combination of several coupled mass-transfer 

mechanisms, there is no generally accepted model that predicts (kA) reliably across 

dryer designs and operating conditions. For this reason, literature treats it in different 

ways. One common approach is to estimate it indirectly using heat–mass transfer 

analogies [62]. In such treatments, a modified Lewis number is introduced to link the 

convective heat-transfer coefficient to the corresponding mass-transfer coefficient 

[35]. 

Le′ =
ℎ

𝜆𝐶𝑃
 (6) 

Representative values of the convective heat-transfer coefficient, h, are reported 

in Table 3. Although the presence of evaporation might suggest using a phase-change 

heat-transfer coefficient, the dominant resistance is often associated with transfer 

between the moisture in the textile and the thin, near-saturated air layer at the fabric 

surface. This makes a forced-convection description more appropriate, and values in 

the range of ℎ = 20 ∼ 100 are frequently used. The wide spread of this range is not a 

minor detail: choosing h near the lower or upper bound can dramatically change the 

evaporation rate predictions. A further source of uncertainty is the effective surface 
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area A in Equation (2), which is difficult to define for a tumbling, deforming textile 

load and is therefore handled using different assumptions across studies [62,104,105]. 

Table 3. Representative conductive heat transfer coefficient [106]. 

Process  h(W/m2K)  

Natural Convection    

Air  1∼10  

Water  200∼1000  

Forced Convection    

Gas  20∼ 250  

Water  1000∼1500  

Phase Change    

Boiling 2500∼3500  

Condensation 5000∼ 25000  

Due to the complexities discussed above, several studies have adopted a 

simplified approach in which the area–mass transfer coefficient is assumed to be 

constant and determined from experimental measurements [2]. For example, 

Bengtsson et al. [107] used an experimentally determined value of 0.036 𝑘𝑔/𝑠𝐵𝑎𝑟. 

Although this type of experimentally based constant can provide reasonable agreement 

with measurements under certain conditions, treating the coefficient as fixed 

throughout the process has clear limitations. In particular, the evaporation rate 

gradually decreases during the final stages of drying and therefore a single fixed value 

cannot accurately describe the rate over the entire drying cycle. Nevertheless, this 

simplification has frequently been used in simulations of heat pump tumble dryers, 

where the additional complexity introduced by modeling the heat pump loop often 

justifies adopting a constant transfer coefficient to keep the overall model tractable. 

Back to the Lambert formulation, Equation (2), the model was applied to estimate 

the time evolution of the evaporation rate for nylon and cotton fabrics. The 

corresponding evaporation and moisture-content histories are shown in Figure 12. 

Both fabrics exhibit similar trends during the transient and constant-rate periods, while 

noticeable differences appear at the onset of the falling-rate stage, where the water 

activities of the materials deviate from unity and begin to differ significantly. 

 

Figure 12. Schematic of the drying process for two types of fabrics. Black and red 

likes represent moisture content and evaporation rate, respectively. 
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Several extensions of Lambert’s approach have also been proposed for modeling 

evaporation in tumble dryers, although many of these methods are mathematically 

involved and computationally expensive [108]. For instance, Ng and Deng developed 

a semi-empirical formulation applicable to the constant-rate and falling-rate periods 

of the drying cycle [26], while Haghi proposed a model based on rate equations 

describing moisture exchange between the fibers and the air within the textile pores 

[109]. Although such models can provide detailed local information, their complexity 

and high computational cost limit their suitability for optimization studies. In addition, 

they require extensive input data, including thermophysical properties and heat and 

mass transfer coefficients, which have received significant attention in the literature. 

4.2. Deans model 

Because of its relative simplicity and practical applicability, the Lambert 

formulation has been widely adopted and further developed in several studies to model 

the drying cycle [110–112]. Building on this framework, Deans proposed a 

mathematical model to evaluate dryer performance using overall mass and energy 

balance equations [2,113]. The model focuses primarily on the heat and mass transfer 

processes occurring within the drum and applies mass and energy balances to the air–

vapour mixture at several nodes distributed throughout the dryer. The locations of 

these nodes, together with the corresponding airflow and energy-transfer paths, are 

illustrated in Figure 8. This formulation makes it possible to track energy inputs, 

losses, and air recirculation within the system, while also identifying components 

whose contributions are negligible and may therefore be omitted. The modular 

structure of the model further allows operating parameters—such as heater power—to 

vary during the cycle, which is particularly useful when assessing potential energy-

saving strategies [2]. 

In practice, the drum is the central component in Deans’ model, since its 

performance largely determines the mass and energy flows throughout the entire 

system. A key simplifying assumption is that the textiles, the contained moisture, and 

the drum walls share the same temperature. Because textile temperature is one of the 

most difficult variables to measure directly during operation [114], it is instead 

obtained from the energy balance in the drum, leading to the following relation [2]: 

d𝑇clo

d𝑡
=

𝐻in − 𝐻out − 𝐻evap − 𝑄̇loss

(𝑚̇𝐶𝑝)
dryclo

+ (𝑚̇𝐶𝑝)
moist

+ (𝑚̇𝐶𝑝)
d

  , (7) 

which can be rewritten as follows [2]: 

𝑇out − 𝑇clo − (
𝐻evap − 𝑄̇loss

ℎ𝐴 )

𝑇in − 𝑇clo − (
𝐻evap − 𝑄̇loss

ℎ𝐴 )

= e
−[

ℎ𝐴

(𝑚a𝐶𝑝)
average

]

  , (8) 

which equal to [115]: 
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𝑇clo+𝑑𝑡 = 𝑇clo +

[
𝑚̇𝑎(ℎin − ℎout) − 𝑄̇loss + 𝑚̇evapℎfg

𝑚̇dryclo𝐶𝑝dryclo + 𝑚̇dryclo𝐶𝑝𝑚𝑜𝑖𝑠𝑡 + 𝑚̇𝑑𝐶𝑝𝑑
] Δ𝑡  .

 (9) 

Equation (9) is widely used to describe the time evolution of drum temperature 

and has been implemented in several subsequent studies [110–112]. The specific heat 

capacities, within the operating range, are considered constant values as their variation 

with temperature is relatively small. The enthalpy of vaporization, ℎ𝑒𝑣𝑎𝑝, depends on 

temperature, while the dry-air mass flow rate 𝑚̇𝑎  entering the drum is usually 

determined experimentally. 

𝑄loss represents convective heat losses from the outer surfaces of the dryer to the 

surrounding air. This quantity depends on the machine geometry and on the 

temperature difference between the internal air mixture and the ambient environment, 

and it varies during the cycle as the operating temperatures change. Because the 

highest losses typically occur in the heater section where the air temperature is greatest, 

Deans approximated this term as a function of the heater-module temperature. Under 

this assumption, the heat-loss expression takes the following form [107]: 

𝑄loss = Nu ⋅
𝜆a

𝐿𝑡ℎ
⋅ 𝐴𝑒𝑥𝑡(𝑇ℎ𝑎𝑡𝑒𝑟 − 𝑇𝑎𝑚𝑏)  ,  (10) 

where 𝜆air  is the thermal conductivity of air, and 𝐿𝑡ℎ  and 𝐴𝑒𝑥𝑡  denote the shell 

thickness and the external surface area of the dryer, respectively. The Nusselt number, 

defined as the ratio of convective to conductive heat transfer, is given by [106,116]: 

Nu = 0.13 ⋅ (Gr ⋅ 𝑃𝑟)
1

3    108 < Gr ⋅ 𝑃𝑟 < 1012  (11) 

Gr and 𝑃𝑟 are Grashof and Prandtl numbers, respectively, and are defined as 

follows: 

Pr =
𝜈

𝛼
=

Momentumdiffusivity

Thermaldiffusivity
  (12) 

Gr =
𝑔𝛽(𝑇ℎ𝑒𝑎𝑡𝑒𝑟−𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡)𝐿𝑡ℎ

3

𝜈2 =
BuoyancyForce

ViscousForce
  (13) 

where 𝑔 and 𝛽 are gravitational acceleration and the thermal expansion coefficient, 

respectively. 

Dean proposed the following relation instead of that of Lambert (Equation (2)) 

for the evaporation rate: 

𝑚̇evap = 𝑘𝐴 [𝑎𝜔surf −
[𝜔inlet+𝜔exhaust]

2
]  ,  (14) 

and therefore: 

𝑚̇a[𝜔inlet − 𝜔exhaust] = 𝑘𝐴 [𝑎𝜔surf −
[𝜔inlet+𝜔exhaust]

2
]  (15) 

For the sake of simplicity, some authors considered the humidity ratio of clothes 

equal to that of the inlet [83]: 

𝑚̇a[𝜔inlet − 𝜔exhaust] = 𝑘𝐴 [𝑎𝜔inlet −
[𝜔inlet+𝜔exhaust]

2
]  ,  (16) 
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where 𝜔surf, 𝜔inlet and 𝜔exhaust represent the humidity ratios of the saturated air at 

the textile surface and of the air at the drum inlet and outlet, respectively, while 𝑚̇a 

denotes the dry-air mass flow rate at the inlet. The only unknown in Equation (15) is 

the outlet humidity ratio, 𝜔𝑒𝑥ℎ𝑎𝑢𝑠𝑡, which can be determined as a function of time; 

once this quantity is known, the evaporation rate, 𝑚̇evap, can be calculated accordingly. 

By solving the coupled mass- and energy-balance equations, Deans was able to 

predict the temporal evolution of the main operating variables in the dryer, as 

illustrated in Figure 13. The parameters associated with the drum are presented on the 

left-hand side of the figure. The relative humidity inside the drum (chart A) is 

predicted to remain close to 100% during most of the cycle, except at the beginning 

and end (corresponding to the transient and falling-rate stages). The predicted textile 

and outlet-air temperatures (charts B and C) exhibit similar trends, while the evolution 

of the moisture content (chart D) follows the general behaviour described earlier 

(Figure 11). Additional performance indicators for the entire control volume (Figure 

8) are shown on the right-hand side. 

He also carried out a numerical sensitivity study to evaluate how operating 

conditions influence drying time and energy performance. Based on the results, 

ambient humidity extends the drying process time, leading to increased energy 

consumption. In contrast, higher ambient temperature, greater airflow, and increased 

supplied power were found to reduce the drying time and improve overall efficiency. 

In this case, the input power represents the combined power consumption of the fan, 

the rotating drum, and the heater. 

 

Figure 13. Results of numerical model of Deans [2] illustrate the time-dependent variation of fabric temperature, 

moisture content, and air conditions for a 4.16 kg cotton load with a 1.6 kW heater and a 0.020 kg/s air flow rate to 

demonstrate the high correlation between the simulation and experimental performance tests. (a) Time-dependent 

variation of relative humidity of air at the dryer exit, exit air temperature, clothes temperature, and percentage moisture 

in clothes; (b) Time-dependent variation of air temperature entering the dryer, overall efficiency of the dryer, drying 

efficiency, and air temperature leaving the dryer. 
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The numerical framework proposed by Deans provided a basis for many later 

studies aimed at modelling clothes-drying cycles [62,65,112]. Gluesenkamp adopted 

a similar modelling strategy to evaluate drying performance in subsequent work 

[114,117]. Figure 14 illustrates the macroscopic mass representation together with the 

differential states of both the clothing load and the air–vapour mixture within the 

system. For a textile element inside the drum, the evolution of sensible and latent 

energy can be expressed as follows: 

𝑚̇𝑎𝑐𝑝𝑑𝑇 = ℎ  𝑑𝐴(𝑇surf − 𝑇)  (17) 

𝑚̇𝑎ℎ𝑓𝑔𝑑𝜔 = 𝑘  𝑑𝐴(𝜔surf − 𝜔)ℎ𝑓𝑔  (18) 

where 𝑇surf and 𝜔surf denote the temperature and humidity ratio at the textile surface, 

respectively, which are assumed to remain uniform throughout the drum. A and ℎ𝑓𝑔 

denote the effective wet surface area and the latent heat of evaporation of water, 

respectively. By assuming that the textile surface temperature remains uniform, the 

governing differential equations can be integrated over the entire fabric surface, 

resulting in Eqs. 19 and 20, which represent the overall heat and mass transfer rate 

[117]. 

𝑇out = 𝑇surf − (𝑇surf − 𝑇in)𝑒−𝑁𝑇𝑈  (19) 

𝜔out = 𝜔surf − (𝜔surf − 𝜔in)𝑒−𝑁𝑇𝑈  (20) 

where NTU is defined as the number of transfer units [118]: 

𝑇𝑈 =
ℎ𝐴𝑡

𝑚̇𝑎𝑐𝑝
  ,  (21) 

or as a general rule for the heat exchanger [106]: 

NTU = −ln(1 − 𝜀)  (22) 

 

Figure 14. Macro-level (top) and differential view (bottom) of the heat and mass 

transfer process in a dryer drum, modeling the air/vapour mixture enthalpy changes 

and moisture evaporation. 



Thermal Science and Engineering 2026, 9(2), 026100001. 
 

19 

By rewriting Equations (19) and (20), they could introduce two parameters, 

namely heat and moisture transfer effectiveness, could be introduced to address the 

efficiency of the drying cycle: 

𝜀H = 1 −
Tsurf−Tout

Tsurf−Tin
  (23) 

𝜀M = 1 −
𝜔surf−𝜔out

𝜔surf−𝜔in
  (24) 

Indices 𝑖𝑛, 𝑜𝑢𝑡 and 𝑠𝑢𝑟𝑓 refer to the drum inlet, drum outlet, and textile surface 

regions. Air temperature and specific humidity at the inlet and outlet were obtained 

directly from sensor measurements. Since direct measurement of textile temperature 

and moisture content during operation is challenging, two simplifying assumptions 

were introduced. 

First, the textile surface was assumed to remain saturated: 

𝜔surf = 𝜔surf,sat  (25) 

This assumption makes it possible to express the surface humidity ratio as a 

function of surface temperature. By combining Equations (24) and (25), the following 

expression is obtained: 

𝜀M = 1 −
𝜔surf,sat−𝜔out

𝜔surf,sat−𝜔in
  (26) 

𝜔surf,sat depends on the saturated vapour pressure evaluated at the textile surface 

temperature, (i.e., 𝑃𝑤,𝑠𝑎𝑡 = 𝑓(𝑇𝑠𝑢𝑟𝑓)), as well as on the atmospheric pressure, 𝑃𝑎 , 

[114]: 

𝜔surf,sat =
0.622𝑃𝑤,𝑠𝑎𝑡|

𝑇surf

(𝑃𝑎−𝑃𝑤,𝑠𝑎𝑡|
𝑇surf

)
  (27) 

Recall that Lewis number characterizes fluid flows when there is both convective 

heat and mass transfer: 

Le =
Sc

Pr
=

𝛼

𝐷
=

Thermaldiffusivity

Massdiffusivity
  (28) 

where 𝐷 is the diffusion coefficient. Sc and Pr represent Schmidt and Prandtl numbers, 

respectively. By assuming equal effectiveness for heat and mass transfer, equivalent 

to adopting a Lewis number equal to unity, Equations (23) and (24) become 

equivalent.: 

𝜀H = 𝜀M  (29) 

This reduction in the number of unknown variables enabled the drying efficiency 

to be estimated by solving Equations (23)–(29). The overall modeling framework is 

summarized in Figure 15. 

Gluesenkamp evaluated drying effectiveness for several experimental trials using 

a dry textile load of 3 kg, as shown in Figure 16. The results indicate that increasing 

the residence time has only a limited effect on effectiveness, whereas higher airflow 

rates and inlet temperatures improve drying performance throughout the cycle. A 
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dimensional analysis was subsequently introduced to obtain a regression-based 

expression for the evaporation rate, which is discussed in Section 4.4. 

 

Figure 15. Process and instrumentation diagram of experimental evaluation in the work of Gluesenkamp et al. [114]. 

 

Figure 16. Effectiveness as a function of remaining moisture content for a 3.83 kg test cloth load [114]. The data 

illustrates the impact of varying drum residence times, fan flow rates, and drum inlet temperatures across three heating 

technologies: electric resistance, natural gas, and thermoelectric heat pump. 

The original Deans model relied on a zero-dimensional formulation of the energy 

balance. Some later studies attempted to account for axial temperature variations 

within the drum by introducing a one-dimensional conductive heat-transfer model 

between textile layers [3]. However, these additional complexities did not lead to 

significant improvements in predictive accuracy compared with the simpler zero-

dimensional approach. 

More generally, many studies have adopted the same mass- and energy-balance 

philosophy introduced by Deans and Lambert to evaluate dryer performance, while 

differing mainly in the level of detail considered. For example, Conde investigated 

dryers equipped with heat-recovery heat exchangers, typically cross-flow air-to-air 

units used to preheat the inlet air stream [70].Huelsz et al. accounted for both radiative 
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and convective heat losses from the dryer components in order to obtain more accurate 

predictions [119]. Unlike the Deans formulation, their model neglected air bypass 

while introducing a more detailed description of losses within the control volume. Jian 

and Zhao, on the other hand, investigated a dryer configuration equipped with a plate-

fin heat exchanger in the condenser section and analyzed how variations in water flow 

rate influenced drying performance [113]. Lee et al. investigated dryer operation in 

the presence of a heat pump [115] and evaluated drying efficiency using the following 

relation [120], which has since been widely used in related work: 

𝜂𝑑𝑟𝑦 =
𝑇𝑖𝑛−𝑇𝑜𝑢𝑡

𝑇in−𝑇𝑜𝑢𝑡
=

𝜔𝑜𝑢𝑡−𝜔𝑖𝑛

𝜔sat−𝜔in
  (30) 

Another commonly reported performance indicator is the specific moisture 

extraction rate (SMER) [86]: 

SMER =
𝑚̇𝑒𝑣𝑎𝑝

𝑃𝑂𝑡𝑜𝑡
  (31) 

4.3. Yi model 

A reliable estimate of the specific humidity at the textile surface, 𝜔M, in Equation 

(15) is important for describing the drying rate of the system. In many practical models, 

this quantity is simply taken to be equal to the saturation humidity ratio, 𝜔M ≈ 𝜔𝑠𝑎𝑡. 

Earlier work generally accounted for differences between fabric types by using 

sorption–isotherm diagrams (Figure 9); however, these relations are mainly obtained 

through empirical fitting of experimental data [121]. To move beyond purely empirical 

descriptions, Yi proposed an alternative formulation grounded in statistical 

thermodynamics, where Probability Density Functions (PDF) involving the 

Boltzmann constant were used to represent the evaporation process more physically 

[61]. 

𝑚𝑤,cl
no−evap(𝛽, 𝜒, 𝑇clo) = 𝑚𝑤,clo

max 𝑎(𝛽, 𝜒, 𝑇clo)
  (32) 

𝑎(𝛽, 𝜒, 𝑇clo) = 1 − exp (−
𝛽𝜒𝑄LH

𝑘𝐵𝑇clo
)
  (33) 

where 𝑚𝑤,clo
max  denotes the maximum moisture capacity of the textiles, 𝑎(𝛽, 𝜒, 𝑇clo) is 

the activity coefficient, 𝛽 characterizes the fabric type. The 𝑄LH is the latent heat of 

vaporization, while 𝑘𝐵 is the Boltzmann constant [122]. Based on this formulation, the 

water activity coefficient can then be obtained through numerical evaluation. 

The evaporation rate inside the drum was then estimated using a fluid-film 

analogy at the textile surface. Under this assumption, the moisture content of the 

adjacent air layer cannot exceed the saturation limit. Consequently, the specific 

humidity 𝜔M is constrained by the following inequality: 

𝑚air𝜔M = 𝛾𝑚𝑤,clo
no−evap(𝛽, 𝜒, 𝑇clo)

                = 𝛾𝑚𝑤,clo
max (𝑇clo)𝑎(𝛽, 𝜒, 𝑇clo)

                ≥ 𝑚air𝜔𝑤,air
sat (𝑇clo)𝑎(𝛽, 𝜒, 𝑇)

  (34) 
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where 𝛾  represents a desorption weighting factor associated with the textile–air 

interface and takes a value smaller than unity. The obtained system of differential 

equations was solved in MATLAB. Model predictions were validated for two different 

textile types (Figure 17) and for varying load masses (Figure 18). The results show 

that synthetic and cotton fabrics experience comparable temperature ranges during 

drying, while the drying time increases approximately linearly with the load mass. 

4.4. Dimensional analysis 

Most of the previously discussed approaches rely on the Chilton–Colburn 

analogy to describe mass-transfer processes within the drum. Alternatively, some 

researchers have adopted dimensional-analysis techniques based on the Sherwood 

number to relate machine operating parameters to evaporation rate. One of the early 

contributions in this direction was presented by Bassily [123]. 

 

Figure 17. Comparison of the clothes temperature and water content between the 

simulation and the experiments for (a) synthetic fabrics and (b) cotton fabrics [61]. 

The synthetic fabric consists of 35% cotton and 65% polyester, while the cotton 

fabric is 100% cotton. The simulation (solid lines) and experimental data (data 

points) show the drying trajectory for varying mass under identical operating 

conditions. 
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Figure 18. Comparison of the clothes temperature and the water content of different 

clothes loads: (a) 1.5 kg and (b) 2.8 kg [61]. The simulation (solid lines) and 

experimental data (data points) show the drying trajectory for varying mass under 

identical operating conditions. 

The Sherwood number, (Sh) (often referred to as the mass-transfer analogue of 

the Nusselt number), represents the ratio between convective mass transfer and 

diffusive mass transport [124]: 

Sh =
ℎ𝑒𝑣𝑎𝑝𝐿

𝐷
=

Convectionmasstransfer

Diffusionrate   (35) 
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where ℎ𝑒𝑣𝑎𝑝  and 𝐿  are the convective mass transfer coefficient and length scale, 

respectively. 

Bassily proposed a dimensionless correlation for estimating the area-Sherwood 

number Sha (defined later) as a function of drum rotational speed Nd, t, textile load 

mass, Mt, Reynolds number, Re, Schmidt number, Sc, and Gukhman number, Gu. The 

Schmidt and Gukhman numbers are defined as follows [125,126]: 

Sc =
𝜈

𝐷
=

Momentumdiffusivity

Diffusionrate   (36) 

Gu =
𝑇𝑔−𝑇𝑔𝑤

𝑇𝑔   (37) 

where 𝑇𝑔 and 𝑇𝑔𝑤 are gas dry and wet bulb temperatures, respectively. 

They found the following relation for the Sh𝑎 using 32 experimental runs: 

Sh𝑎 = 0.028𝑀𝑡
0.58𝑁𝑑

0.06Gu−1.38Re0.35Sc1.22  (38) 

Then the area-Sherwood number Sh𝑎  can be used to estimate the area-mass 

transfer coefficient, 𝑘𝐴, as follows [127]: 

𝐴 =
Sh𝑎×𝐷

𝑑𝑑
  ,  (39) 

where 𝑑𝑑 is the drum diameter and 𝐷 denotes the diffusion coefficient. The diffusion 

coefficient is a function of the instantaneous moisture content, 𝐶(𝑡): 

𝐷 = −1.71778 × 10−7 (
𝐶(𝑡)

1.2727
)

5
×

(−1387.462 − 1479.582 × 𝐶(𝑡) + 452.948 × 𝐶(𝑡)2)
  (40) 

More recent studies have increasingly focused on correlating drying performance 

indicators directly with machine operating parameters [38,117]. For example, Novak 

et al. proposed regression relations linking drying time, evaporation rate, and the area–

mass transfer coefficient to volumetric airflow rate, inlet air temperature, and relative 

humidity as follows: 

𝑡 = 39434 × 𝑉̇in
−0.9065𝑇in

−0.8338RHin
0.1598

  (41) 

𝑚̇evap = 5.53 × 10−7𝑉̇in
0.8305𝑇in

0.8066RHin
−0.1914

  (42) 

𝑘𝐴 = 9.06 × 10−8𝑉̇in
0.6824𝑇in

−0.5561RHin
−0.0293  (43) 

Gluesenkamp developed a correlation to predict the effectiveness of coupled heat 

and mass transfer phenomenon inside the drum. In this formulation, effectiveness 

depends on five main variables: the textile load mass 𝑚𝑐, the moisture content of the 

textiles 𝑚𝑤, the air mass within the drum 𝑚𝑎, the air inlet flow rate 𝑚̇𝑎 and the falling 

time t, defined as the time required for a textile item to fall from the top to the bottom 

of the rotating drum: 
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= 𝑓(𝑚𝑐𝑙𝑜, 𝑚𝑤 , 𝑚𝑎 , 𝑚̇𝑎 , 𝑡)  (44) 

By means of Buckingham 𝜋-theorem they could find the following dimensionless 

parameters: 

𝜋1 = 𝜀

𝜋2 =
𝑚̇𝑎𝑡

𝑚𝑎

𝜋3 =
𝑚𝑐𝑙𝑜

𝑚𝑎

𝜋4 =
𝑚𝑤

𝑚𝑎

  (45) 

They took the first-order polynomial for 𝜋2  and 𝜋3  where a fourth-order 

polynomial is considered for 𝜋4: 

𝜋1 = 𝑎 + 𝑏1𝜋2 + 𝑐1𝜋3 + 𝑑1𝜋4 + 𝑑2𝜋4
2 + 𝑑3𝜋4

3 + 𝑑4𝜋4
4  (46) 

A series of experiments was conducted to determine the coefficients appearing in 

Equation 46 for two standardized textile loads, namely HLD-1-1992, comprising 

cotton-like items such as sheets, tablecloths, bath towels, long-sleeve shirts, T-shirts, 

pillowcases, shorts, washcloths, and handkerchiefs [128] and HLD-1-2009, which 

includes 100% cotton sheets, pillowcases, and towels [129]. The resulting coefficient 

values are summarized in Table 4. 

Table 4. Coefficients in Equation (46) [117]. 

Coefficient  AHAM 2009  AHAM 1992  

𝑎  0.677584  0.354049  

𝑏1  −4.456546  −2.11532  

𝑐1  0.015385  0.00212  

𝑑1  0.290916  0.403633  

𝑑2  −0.071735  −0.087495  

𝑑3  0.007304  0.008034  

𝑑4   −0.000249   −0.000252  

So far, limited attention has been given to sensitivity analysis of dryer input 

parameters, and consequently there is no clear agreement which variables should be 

treated as independent in regression-based models. For instance, Gluesenkamp’s 

formulation did not include drum rotational speed or air temperature among the 

governing parameters [117]. 

Moreover, although regression correlations are attractive because they can be 

implemented quickly without solving differential equations, the validity of the 

correlations holds only for the reference machine. In other words, such correlations 

cannot be generalized for other dryer configurations. In this context, Rasti and Jeong 

compared the regression models proposed by Bassily, Gluesenkamp, and Novak [127]. 

Their results showed that the Gluesenkamp and Novak formulations were able to 

reproduce the evaporation rate for low and medium textile loads, respectively (Figure 

19). However, none of the models successfully captured the drying rate at higher loads 
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(9 kg), and the Bassily model failed to reproduce the observed trends for the tested 

machine under all conditions. 

 

Figure 19. Comparison of the measured and predicted moisture evaporation rates 

using different correlations for (a) 3 kg load, (b) 6 kg load, and (c) 9 kg load [127]. 

All experiments were conducted using a heat pump tumble dryer starting at an initial 

moisture content of 60%. The test loads consisted of standard textiles (sheets, 

pillows, and towels) as specified in the experimental validation. Results indicate that 

while the Novak et al. correlation generally provided lower average absolute 

deviations, none of the models maintained high accuracy across the full range of load 

masses, particularly as the load increased toward 9 kg. 
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4.5. Kinematic models 

Recent advances in measurement techniques have opened new research 

directions in tumble dryer studies. Several works have attempted to link evaporation 

thermodynamics with the kinematic of clothes inside the rotating drum. Modern 

optical diagnostics and high-speed imaging tools, such as Positron Emission Particle 

Tracking (PEPT), enable detailed visualization of airflow patterns and textile motion, 

allowing fabrics to be tracked throughout the drying process. Then, with the aid of 

image processing techniques, mainly Convolutional Neural Networks, the occupied 

area of the fabric along with the motion path is tracked in the drum through time. The 

cross-section of the drum is divided into four quadrants, as shown in Figure 20, for 

precise statistical analysis. Afterward, the center of gravity of the clothing is 

determined, with which they quantified the velocity profiles and residence time 

distribution to characterize the dynamics of cotton textiles. 

Yu et al. utilized this methodology to assess SMER and drying uniformity index, 

known as evenness of drying [130]. They applied Equation (31) for SMER estimation. 

As for the drying uniformity, this procedure has been implemented: 

 The weight of each individual piece, 𝑘, is measured after conditioning and drying. 

The final moisture content for each individual item 𝑘 in the test load is: 

𝜇𝑓𝑘 =
𝑊𝑓𝑘−𝑊0𝑘

𝑊0𝑘
× 100%  (47) 

where 𝜇𝑓𝑘, 𝑊𝑓𝑘 and 𝑊0𝑘 are the final moisture content, final mass and the mass 

of the conditioned test load of the piece 𝑘, respectively. 

 In the next step, one can calculate the average final moisture content of all the 

individual pieces in the test load, 𝜇𝑓𝑎𝑣𝑔
, as follows: 

𝜇𝑓𝑎𝑣𝑔
=

1

𝑁
∑𝑁

𝑘=1 𝜇𝑓𝑘  (48) 

where N is the total number of load pieces. 

 Evenness of drying is another definition for the standard deviation of the final 

moisture content of the pieces, which can be defined as: 

𝑠𝑤 = √1

𝑁
∑𝑁

𝑘=1 (𝜇𝑓𝑘 − 𝜇𝑓𝑎𝑣𝑔
)

2
  (49) 

where 𝑠𝑤 is the evenness of drying. A higher value of evenness of drying is an 

unfavourable condition in which more uneven drying can be found. 

Finally, they reported SMER as follows: 

SMER = −4.1 − 0.1𝑥1 + 0.02𝑥2 + 0.69𝑥3  ,  (50) 

where 𝑥1 and 𝑥2 are the ratio of the total motion area of the tracer and the fabric spread 

area, respectively, and 𝑥3 is the distance between the drum center and tracer fabric 

center. Similar studies have been done by [131–133]. 

This technique is also considered to be machine-specific. As there are only a few 

research studies relating to this technique, it is hard to assess it correctly compared to 

other methods. 

Table 5 summarises the modeling categories reviewed, comparing them in terms 

of physical basis, accuracy, complexity, applicable conditions, and main limitations. 
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Figure 20. Schematic of the video capturing and processing system [132,133]. 

Table 5. Summary comparison of modeling approaches for evaporation-rate prediction and heat and mass transfer 

analysis in domestic tumble dryers. 

Approach Main principle Accuracy Complexity Applicable conditions Main limitations 

Lumped energy-

balance models 

Overall mass and energy 

balances across drum and 

air loop 

Moderate for 

global variables 

Low to 

moderate 

System-level analysis of 

vented, condenser, or heat-

pump dryers 

Assumes spatially uniform 

air/textile states; requires 

calibrated parameters 

Chilton–Colburn-

based models 

Heat–mass transfer analogy 

with area–mass transfer 

coefficient kA 

Moderate when 

calibrated 
Moderate 

Evaporation-rate estimation 

during transient and constant-

rate drying periods 

Sensitive to kA, textile area, 

water activity, and surface 

saturation assumptions 

Constant 

evaporation-rate 

models 

Fixed evaporation rate 

imposed during simulation 

Low except over 

limited intervals 
Low 

Simplified heat-pump dryer 

simulations where 

refrigerant-cycle behaviour is 

the main focus 

Cannot capture warm-up or 

falling-rate periods; poor 

generality 

Dimensional / 

regression 

correlations 

Empirical correlations 

using airflow, load mass, 

temperature, humidity, or 

drum speed 

Good only 

within 

calibration range 

Low 

Rapid prediction for a 

specific machine and 

operating range 

Machine-specific; weak 

extrapolation to new dryer 

geometries or higher loads 

Physics-based 

desorption 

models 

Fabric moisture activity and 

desorption behaviour 

included explicitly 

Potentially high High 

Studies requiring textile-

dependent evaporation 

prediction 

Requires material properties, 

sorption data, and numerical 

solution of coupled 

equations 

Kinematic / 

image-processing 

models 

Fabric motion and exposure 

area obtained from imaging 

or particle tracking 

Useful for 

motion-related 

drying analysis 

High 

Research on fabric motion, 

drying uniformity, and textile 

damage assessment 

Requires optical access, 

image processing, and 

machine-specific calibration 

5. Classification and applicability of evaporation-rate estimation 

methods 

The approaches discussed above represent a substantial portion of the existing 

literature, most of which focuses on predicting dryer operation and performance. The 

objective of both numerical and experimental methodologies is to accurately estimate 

the evaporation rate. Once this quantity is known, the performance of the drying 

system can be evaluated. Among these, the specific moisture extraction rate, SMER, 

and drying time are particularly important. Additional aspects, such as drying 

uniformity, can also be related to evaporation rate [133–135], and the drying rate has 

been shown to influence textile wrinkling during the cycle [136]. 
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In general, four main approaches for predicting evaporation rate can be identified 

in the literature. The following sections describe these methods in detail. 

5.1. Direct method 

Direct measurement of the weight of the components in the drum has also been 

considered as a possible way to estimate evaporation rate during drying. In practice, 

however, this approach is challenging because the rotating drum continuously subjects 

the textiles to centrifugal and Coriolis forces, which introduce strong oscillations in 

the measured signal. As a result, only a limited number of studies have adopted this 

method [137]. Higgins et al., for example, used a platform scale with a sampling 

interval of 1 s to monitor the drum contents during operation. The resulting evolution 

of moisture content is presented in Figure 21. Although the measurements exhibit 

considerable noise, useful information can still be obtained after applying filtering and 

averaging procedures. 

 

Figure 21. Change in moisture content during tumble-drying at low-temperature 

setting [137]. The drying loads were standardized at 2.7 kg with ~50% moisture 

content consisted of four woven cotton specimens, four knitted cotton specimens, 

and woven ballast. 

5.2. Constant rate 

Another simplification occasionally reported in the literature is the assumption of 

a constant evaporation rate throughout the drying cycle [138]. We et al., for instance, 

adopted a fixed value of 3.5 
𝑘𝑔

ℎ
 in their numerical simulations [139]. 

The changes in temperature and moisture content in the drum have a non-linear 

trend through time. For instance, the typical evolution of the clothes temperature and 
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moisture over time are depicted in Figures 22 and 23. Implementation of the so-called 

constant rate for evaporation may cause errors in the estimation of the start (transient) 

and final (falling rate) stages of the drying. 

 

Figure 22. The changes of drum temperature during the drying process [131]. The 

experiment utilizes Haier GDZ10-977 dryer with a 3000 W heater and a rotating 

drum speed of 47 ± 3 rpm to process six pieces of 80 × 80 𝑐𝑚2 fabric. 

 

Figure 23. The changes of moisture during the drying process [131]. The experiment 

utilizes Haier GDZ10-977 dryer with a 3000 W heater and a rotating drum speed of 

47 ± 3 rpm to process six pieces of 80 × 80 𝑐𝑚2 fabric. 

As mentioned before, this assumption has mainly appeared in studies involving 

heat-pump dryers, where the main objective is often to analyze the performance of the 

heat-pump system rather than the drying rate itself. Because modelling the heat-pump 

cycle already introduces substantial complexity, adopting a constant evaporation rate 

is acceptable. For condenser tumble dryers, however, such a simplification is generally 

not appropriate. 
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5.3. Chilton-colburn analogy 

As discussed in Section 4.1, Lambert’s formulation expresses the evaporation 

rate using Equation (2), where kA can be treated as constant and estimated either 

through experimental regression or Sherwood-number analogies. Figure 24 

summarizes the main approaches used in the literature to estimate evaporation rate 

together with the associated performance indicators, while Table 6 lists representative 

methodologies adopted in recent studies. 

 

Figure 24. Methods for evaluating the evaporation rate of the tumble dryer. 

Table 6. List of employed methodologies for evaporation rate in recent studies. 

Researcher   Year   Model  

Lee et al. [115]  2019   Chilton-Colburn  

Huang et al. [62]   2019   Chilton-Colburn  

Sian and Wang [140]  2019   Chilton-Colburn  

El Fil and Garimella [141]  2021   Chilton-Colburn  

Cranston et al. [142]  2019   Constant Rate  

Novak et al. [38]  2019   Regression Model 

Yu et al. [130]  2021   Image Processing  

Zaman et al. [143]  2021   Image Processing  

Yu et al. [69]  2023   Image Processing  

6. Current situation and future 

Recent research on tumble dryers has gradually shifted from simple performance 

evaluation to physically informed modeling, energy optimization, and sensor-based 

control. Heat-pump dryers have attracted particular attention because they can recover 

a portion of the thermal energy in the drying-air loop—but this benefit comes at the 

cost of increased modeling complexity, since the refrigerant cycle and the moist-air 

drying loop are now coupled. As a result, many studies still rely on simplified 

evaporation-rate expressions or calibrated transfer coefficients that do not fully 

capture this interaction. 

Several research gaps remain unresolved. The area–mass transfer coefficient is 

routinely treated as constant, even though it is influenced by textile motion, load 
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distribution, airflow rate, moisture content, fabric type, and drying stage. Many 

regression correlations are tuned to a specific machine and cannot be reliably 

transferred to different drum geometries, load sizes, or dryer configurations. The 

relationship between fabric kinematics and evaporation rate is still not adequately 

integrated into system-level models, and uncertainty quantification is rarely 

considered despite the fact that model predictions are highly sensitive to assumptions 

about effective surface area, textile temperature, water activity, and heat losses. Finally, 

the conditions under which models developed for vented, condenser, or heat-pump 

dryers remain valid are not always clearly stated, limiting how safely they can be 

reused. 

Addressing these gaps points toward hybrid modeling strategies that combine the 

computational efficiency of lumped energy-balance frameworks with variable transfer 

coefficients, fabric-motion descriptors, and targeted experimental calibration. Sensor 

streams from temperature, humidity, and load-mass measurements and potentially 

from imaging systems, building on the kinematic approaches discussed in Section 4 

could be used to update evaporation-rate models dynamically during a drying cycle. 

Alongside this, uncertainty-aware modeling and validation across different dryer types, 

textile loads, and operating conditions are needed before these models can be trusted 

for robust engineering design. Together, such developments would make dryer models 

genuinely useful for control optimisation, drying-time prediction, SMER 

improvement, fabric-care assessment, and energy-efficient appliance development. 

7. Conclusion 

Tumble dryers have become widely used household appliances because they 

provide a convenient and controlled method for drying textiles. This review examined 

mathematical approaches for modeling heat and mass transfer in domestic tumble 

dryers, with particular attention to evaporation-rate prediction as a key parameter 

governing drying time, efficiency, effectiveness, and specific moisture extraction rate 

(SMER). 

The reviewed studies show that early and widely used models, particularly the 

Lambert and Deans formulations, established the basis for system-level dryer 

modeling through the Chilton–Colburn analogy and lumped mass and energy balances. 

These approaches remain useful because of their relative simplicity and practical 

applicability. However, their accuracy depends strongly on assumptions such as 

uniform textile temperature, saturated fabric surfaces, and calibrated or constant area–

mass transfer coefficients. These assumptions are most acceptable during limited 

operating intervals but become less reliable during the warm-up and falling-rate stages, 

for mixed textile loads, or when models are transferred to different dryer 

configurations. 

Subsequent developments, including the models of Gluesenkamp and Yi, 

dimensional-analysis methods, regression correlations, and kinematic/image-

processing approaches, have improved the description of specific aspects of the drying 

process. Physics-based desorption models can better represent textile-dependent 

moisture behaviour, while regression correlations and dimensional models provide 

rapid prediction within calibrated operating ranges. Kinematic and image-processing 
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methods are especially valuable when drying uniformity, fabric motion, and textile 

exposure area are of interest. Nevertheless, many of these approaches remain machine-

specific, require extensive experimental data, or have limited extrapolation capability. 

From an engineering standpoint, lumped energy-balance models are 

recommended for preliminary system-level design, control-oriented simulations, and 

comparison of dryer configurations. Chilton–Colburn-based models are suitable when 

evaporation-rate prediction is required, but only after calibration of the area–mass 

transfer coefficient for the target dryer, textile load, and operating range. Constant 

evaporation-rate or constant kA assumptions should be restricted to narrow operating 

windows or simplified heat-pump cycle studies, and should not be applied across a 

full drying cycle without validation. For heat-pump dryers, evaporation models should 

be coupled with refrigerant-cycle dynamics rather than treated as independent drum-

level correlations. 

Overall, the review indicates that no single modeling strategy is universally 

applicable to all dryer types, load conditions, and drying stages. Future dryer models 

should therefore incorporate variable transfer coefficients, explicitly stated dryer-type-

specific boundaries, fabric-motion effects, and formal uncertainty analysis. Such 

developments are necessary to improve predictive reliability and support the design, 

optimisation, and control of more energy-efficient tumble dryers. 
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